The successful growth of hypermutator strains of bacteria contradicts a clear preference for lower mutation rates observed in the microbial world. Whether by general DNA repair deficiency or the inducible action of low-fidelity DNA polymerases, the evolutionary strategies of bacteria include methods of hypermutation. Although both raise mutation rate, general and inducible hypermutation operate through distinct molecular mechanisms and therefore likely impart unique adaptive consequences. Here we compare the influence of general and inducible hypermutation on adaptation in the model organism Pseudomonas aeruginosa PAO1 through experimental evolution. We observed divergent spectra of single base substitutions derived from general and inducible hypermutation by sequencing rpoB in spontaneous rifampicin-resistant (Rif R ) mutants. Likewise, the pattern of mutation in a draft genome sequence of a derived inducible hypermutator isolate differed from those of general hypermutators reported in the literature. However, following experimental evolution, populations of both mutator types exhibited comparable improvements in fitness across varied conditions that differed from the highly specific adaptation of nonmutators. Our results suggest that despite their unique mutation spectra, general and inducible hypermutation can analogously influence the ecology and adaptation of bacteria, significantly shaping pathogenic populations where hypermutation has been most widely observed.
The successful growth of hypermutator strains of bacteria contradicts a clear preference for lower mutation rates observed in the microbial world. Whether by general DNA repair deficiency or the inducible action of low-fidelity DNA polymerases, the evolutionary strategies of bacteria include methods of hypermutation. Although both raise mutation rate, general and inducible hypermutation operate through distinct molecular mechanisms and therefore likely impart unique adaptive consequences. Here we compare the influence of general and inducible hypermutation on adaptation in the model organism Pseudomonas aeruginosa PAO1 through experimental evolution. We observed divergent spectra of single base substitutions derived from general and inducible hypermutation by sequencing rpoB in spontaneous rifampicin-resistant (Rif R ) mutants. Likewise, the pattern of mutation in a draft genome sequence of a derived inducible hypermutator isolate differed from those of general hypermutators reported in the literature. However, following experimental evolution, populations of both mutator types exhibited comparable improvements in fitness across varied conditions that differed from the highly specific adaptation of nonmutators. Our results suggest that despite their unique mutation spectra, general and inducible hypermutation can analogously influence the ecology and adaptation of bacteria, significantly shaping pathogenic populations where hypermutation has been most widely observed.
mutS | rulAB B acterial evolution requires mutation rates be optimized to permit adaptation through sequence variation while still preserving genome integrity. The broad conservation of multiple DNA error-avoidance and error-repair processes across all domains of life indicates a preference for lower mutation rates to avoid the primarily deleterious nature of mutation (1, 2) . However, hypermutator (or mutator) strains of bacteria constitute a pervasive exception to the rule as these bacteria successfully inhabit diverse environments despite up to 1,000-fold increases in spontaneous mutation rates (2, 3) .
Hypermutation arises most commonly through disruption of the methyl-directed mismatch repair (MMR) system, and mutS inactivation is the most widespread defect (4) . The presence of MMR-deficient strains of the opportunistic pathogen Pseudomonas aeruginosa in chronic cystic fibrosis (CF) respiratory infections stands as the most illustrative example of hypermutator ecology (5) . During chronic infection, hypermutation has been credited with facilitating the phenotypic changes and clonal diversification characteristic of P. aeruginosa adaptation to the CF lung environment (6, 7) . Furthermore, MMR-deficient hypermutators are overrepresented in populations of various other pathogenic bacteria (3) , suggesting that high mutation rates offer advantages in pathogenesis.
Hypermutation need not be constitutive. Mutagenic DNA repair, an inducible source of hypermutation, transiently increases mutation rate through the action of specialized, low-fidelity DNA polymerases as part of the SOS response following exposure to UV radiation (UVR) or other DNA-damaging agents (8) . Secondary mutations produced by the Y-family polymerases polIV (Escherichia coli DinB) and polV (E. coli UmuDC) during template-independent synthesis of damaged DNA comprise the majority of sequence alterations derived from UVR exposure. These polymerases also confer UVR tolerance and therefore are critical for epiphytic growth in plant pathogenic bacteria harboring the umuDC-homolog rulAB that reside on leaf surface habitats optimized for solar UVR exposure (9) . However, Y-family polymerases are broadly distributed among diverse organisms where their function is not understood, suggesting inducible hypermutation likely influences bacterial adaptation in diverse environments (10, 11) .
Hypermutation has been observed in a wide variety of clinical, environmental, and laboratory populations suggesting that evolutionary strategies of bacteria include systems for increasing mutability. We hypothesized that general (mutS-deficient) and inducible (rulAB-mediated) hypermutation likely produce unique mutation spectra, which differentially affect adaptive improvements in fitness. Although hypermutation universally increases mutation rate, the influences of different molecular mechanisms on adaptation are likely not equal but have yet to be compared experimentally. Fortunately, bacteria are well suited for the experimental and genomic study of evolution (12) (13) (14) . To compare the influence of general and inducible hypermutation on adaptation, we have conducted experimental evolution with the model organism P. aeruginosa PAO1, compared single-base substitution preferences, and sequenced the genome of a derived inducible mutator isolate. We observed comparable fitness improvements in both general and inducible mutator lineages despite divergent point mutation spectra, suggesting that their unique mechanisms do not impose a strong bias on adaptation.
Results
Frequency of Rifampicin-Resistant (Rif R ) Mutants During Lineage Growth. Eighteen parallel lineages of P. aeruginosa were serially propagated for ∼500 generations in a manner similar to another study conducted previously ( Fig. 1 and ref. 15) . Every 24 h, expression of rulAB was activated in inducible mutator lineages of PAO1/pJJK25 by exposure to UVR at a dosage optimized to closely match the rate of spontaneous Rif R mutants generated in The authors declare no conflict of interest.
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Data deposition: The sequences reported in this paper have been deposited in the GenBank database (accession no. ALBW01000000). ) were standardized at the beginning of the evolution experiment. Within the first 50 generations of the experiment, however, inducible mutator lineages established and maintained a 10-fold greater average frequency of Rif R mutants (Fig. 2 ). Despite the difference in overall frequency of Rif R mutants in each population, the average frequency of Rif R mutants in inducible and general mutator lineages largely remained stable throughout lineage growth (Fig. 2) . We expect that rates of Rif R mutability remained constant throughout lineage propagation and that the disparity in Rif R mutant frequency does not reflect divergent supply rates. Therefore, the observed difference in Rif R mutant frequency between inducible and general mutator lineages implies that rulAB-mediated and mutS-deficient hypermutation are not equivalent at the rpoB locus. In contrast, the frequency of Rif R mutants in nonmutator lineages was effectively zero and only a few resistant colonies were ever recovered (Fig.  2) , consistent with the comparatively low mutation rate of P. aeruginosa nonmutators (16) .
Spectra of Single Base Substitutions in Rif R Mutants. The distribution and frequency of mutations in Rif R colonies of the ancestral PAO1/pJJK25 and PW7148 strains were compared with identify differences in point mutation spectra associated with rulAB-mediated and mutS-deficient hypermutation. Mutations responsible for Rif R map exclusively to rpoB and produce amino acid substitutions in three primary regions of the β subunit of RNA polymerase (17) . These regions, termed clusters I-III, are highly conserved among bacteria (18) and well characterized in P. aeruginosa (19) . Furthermore, the 38 diverse mutational possibilities in rpoB available to achieve resistance include all transition and transversion substitutions, providing a suitable system for analyzing point mutation spectra.
We sequenced rpoB clusters I-III from Rif R mutants of PAO1/ pJJK25 and PW7148 and observed point mutations at 18 unique nucleotide positions in clusters I and II (Table S1 ). All sequenced rpoB fragments from Rif R mutants contained only one point mutation each. Both general and inducible hypermutation favored specific base substitutions at one of a few sites with little overlap observed between mechanisms. Tabulating all substitution types revealed that PAO1/pJJK25 and PW7148 produced significantly divergent spectra of mutations in rpoB (P = 0.0005, Table 1 ). The CG→TA transition was observed most frequently in Rif R mutants of PAO1/pJJK25, whereas the opposing TA→CG transition was most abundant in Rif R mutants of PW7148 (Table 1 ). These results demonstrate that general and inducible hypermutation generate divergent point mutation spectra at the rpoB locus, consistent with our hypothesis.
Relative Fitness of Derived Lineages. To evaluate adaptation during our evolution experiment, the relative fitness of each derived lineage was determined by direct competition with its respective ancestor ( Fig. 1) under both UVR and non-UVR conditions. Many of the inducible and general mutator lineages diversified into mixtures of distinct colony morphologies and so the relative fitness of lineage population samples, which comprised a subset of the entire population, was evaluated to maintain the assemblage of sympatric genotypes. All derived lineages of inducible mutators, general mutators, and nonmutators exhibited improvements in fitness under their native conditions ( Fig. 3A and Fig. S1 ). When assayed under non-UVR conditions, inducible mutator lineages exhibited an 18% average improvement in fitness (all P < 0.02, Fig. 3A ). Inducible mutator lineages exhibited significantly higher fitness under UVR conditions compared with non-UVR conditions (all P < 0.004, Fig. 3B ), and inducible mutator lineages 44 and 46 displayed an exceptional 234% average improvement in relative fitness under UVR conditions (all P < 0.004, Fig. 3B ), whereas the remaining inducible mutator lineages exhibited a 51% average improvement (all P < 0.007, Fig. 3B ). This pattern of specificity suggests that inducible mutator populations acquired a combination of adaptive improvements specialized for growth after exposure to UVR along with general improvements that also contributed to fitness under non-UVR conditions.
General mutator lineages displayed a 19% average improvement in relative fitness under their native, non-UVR conditions (all P < 0.002, Fig. 3A ) and a 57% average improvement in fitness under UVR conditions (all P < 0.002, Fig. 3A) . Surprisingly, the average relative fitness of general mutators was significantly higher under UVR conditions (P = 0.012, Fig. 3A) , despite a lack of previous exposure to UVR, suggesting that bacteria in these lineages acquired generalized adaptive improvements useful under both conditions. Conversely, the adaptation of nonmutator lineages was highly specific to the non-UVR conditions under which they were propagated (Fig. 3A) . Nonmutator lineages displayed a 27% average improvement in relative fitness under non-UVR conditions (all P < 0.008, Fig. 3A ). Under UVR conditions, nonmutator lineages exhibited a 4% average improvement in relative fitness (Fig. 3A ) but only nonmutator lineage 54 exhibited a significant improvement in fitness (P = 0.028, Fig. S1C ).
Draft Genome Sequence Analysis of a Derived Inducible Mutator. We sequenced the genome of MRW44.1, an isolate from inducible mutator lineage 44, to determine the complete list of mutational variations relative to the published PAO1 reference sequence (GenBank accession no. AE004091; ref. 20) . Inducible mutator lineage 44 was chosen because of its pronounced relative fitness under UVR conditions ( Fig. 3B ) and MRW44.1 showed similarly high fitness (Fig. S2) . Sequencing of the shotgun library generated 383,834 total passed filter reads that, when mapped to the published PAO1 reference sequence, produced 54 contigs totaling 6,227,769 bp in length and covering 99.4% of the reference sequence. This strategy identified 403 high-confidence sequence variations that included single base substitutions, multiple base substitutions, insertions, and deletions. Eighteen mutational differences have been previously shown to separate the ancestral PAO1 strain used in this study from the published PAO1 reference sequence (21) and all were present in the draft genome sequence of MRW44.1. The remaining 385 new mutations (Table S2 and Dataset S1) included nonsense mutations in 12 genes (Table S3 ) and missense mutations in 145 genes from various functional classes (Dataset S2) that were distributed throughout the chromosome but appeared particularly dense near the origin of replication (Fig. 4) .
The draft genome sequence of MRW44.1 revealed 326 single base substitutions. To determine the genome-wide mutation bias of rulAB-mediated hypermutation in this strain, we compared the spectra of single base substitutions with a simple random distribution based on the PAO1 genome composition that assumes an equal likelihood of all substitutions (23) . A comparison of the mutation spectra observed in MRW44.1 with the expected frequencies of all possible nucleotide substitutions using a binomial test indicated a strong bias toward CG→TA transitions and possibly TA→AT transversions (Table S4 ). The observed frequency of all other substitutions was significantly lower than expected. This pattern closely matches the frequency distribution of single base substitutions observed in Rif R mutants of PAO1/pJJK25 (Table 1 ) and together they suggest that rulAB-mediated hypermutation has a clear preference for CG→TA substitutions.
We explored the evolutionary forces behind sequence variation in MRW44.1 by examining the proportion of synonymous mutations. Significantly more synonymous point mutations were observed within coding regions (103 or 38.0%) than expected by random chance (68 or 25.2%) based on the composition of the PAO1 genome. Single base substitutions in MRW44.1 were highly skewed toward CG→TA transitions, which have a high probability of producing synonymous changes (46.1%), and TA→AT transversions, which have a very low probably of producing synonymous changes (5.6%). To reflect this bias, we separated point mutations into two categories: rulAB (either CG→TA or TA→AT) or non-rulAB (all other substitutions) and these categories included 86 and 17 synonymous substitutions, respectively. The sum of the individual binomial distributions of the CG→TA and TA→AT substitutions indicated that the number of observed synonymous mutations in the composite rulAB category did not differ significantly from random (P = 0.144). These results point to random genetic drift as the dominant process behind single base substitution during the experimental evolution of MRW44.1.
Discussion
Our results suggest that despite generating unique mutation spectra, general and inducible hypermutation may not differentially affect adaptation. We demonstrated the analogous influence of unique mechanisms of hypermutation on the ecology and adaptation of bacterial populations by investigating the point mutation spectra of antibiotic-resistant clones, the genome of a derived inducible mutator, and the relative fitness of derived populations. Thus, distinct strategies for increasing mutation rate may significantly shape bacterial populations, especially in pathogens where hypermutation has been most widely observed.
We tracked the frequency of Rif R mutants in each lineage to monitor population structure dynamics through fluctuations in a readily measurable phenotype associated with a known genetic determinant. The average frequency of Rif R mutants never rose above 2.1 × 10 −5 in our mutator lineages, suggesting that mutations in rpoB derived from general and inducible hypermutation were deleterious. These results are consistent with reports of reduced fitness and RNA polymerase function in Rif R mutants of E. coli and P. aeruginosa grown in the absence of rifampicin (24, 25) . A balance between the supply of new Rif R mutations, provided by hypermutation, and the loss of mutants due to fitness costs linked to defects in rpoB, could explain the observed stable average frequency of Rif R mutants in our lineages. General and inducible mutator lineages exhibited different Rif R mutant frequencies, but given the diverse mutational possibilities available to achieve resistance, this disparity likely did not result from a bias toward the mutation spectra of either hypermutation mechanism. Rather, not all point mutations in rpoB are equal with respect to their pleiotropic fitness costs (24, 25) , and general and inducible hypermutation clearly favor different nucleotide substitutions at the rpoB locus. The point mutation spectra of PW7148 may favor rpoB mutations that carry greater fitness defects and thus produced the observed lower frequency of Rif R mutants in these lineages. Indeed a recent investigation of fitness costs associated with specific rpoB mutations in PAO1 showed that mutants harboring H531Y, the predominant rulAB-derived substitution observed here, always exhibited higher fitness than mutants with D521G, the most abundant mutS-derived substitution observed in this study, in the same background (25) . Furthermore, mutants with the H531R substitution (only observed in mutS lineages here) displayed the lowest fitness of all strains tested in the prior study (25) .
The spectra of point mutations present in the derived inducible mutator isolate MRW44.1 bore a striking resemblance to that observed in rpoB from Rif R mutants of the parental strain PAO1/ pJJK2. Although the overlap between the two spectra was only weakly significant (P = 0.019), both were heavily biased toward CG→TA transitions. These results confirm that Rif R frequency serves as a reasonable estimate for single base substitution rates throughout the genome as previously reported for E. coli (17) . Therefore, the point mutations observed in rpoB from Rif R mutants of PW7148 also likely represent the genome-wide single base substitution spectra associated with mutS-deficient hypermutation. However, although widely used to evaluate hypermutator status (26) , Rif R mutant frequency does not provide a comprehensive assessment of mutagenesis. Because rpoB is essential, measurement of Rif R ignores insertions, deletions, and other sequence polymorphisms that eliminate RNA polymerase function. Both general and inducible hypermutation have been shown to produce these additional polymorphisms (27, 28) and the genome of MRW44.1 included 59 such mutations. We suspect that these hypermutation mechanisms produce varied spectra with respect to all forms of mutation but can only conclude here that mutS-deficient and rulAB-mediated hypermutation differ in their production of single base substitutions. However, the predominant mutations reported here in MRW44.1 and previously in general mutators from similar studies (16, 23) were single base substitutions, indicating their significant role in genome evolution driven by hypermutation.
To our knowledge, we present a unique sequence of the genome of an inducible mutator following experimental evolution. Sequences of general mutators present in the literature (16, 23) allowed us to compare how these mechanisms influence genome evolution. We observed 385 mutations in MRW44.1 after 500 generations of laboratory evolution with daily activation of rulAB-mediated hypermutation. Following 20,000 generations of growth in a similar laboratory evolution experiment, the genome sequence of a mutT-deficient E. coli hypermutator included 653 new mutations highly skewed toward AT→CG transversions (23) . A longitudinal study of CF lung-infecting P. aeruginosa found primarily transitions among 959 variations in a mutL-deficient hypermutator isolated 250 mo postinfection (16) . In contrast, genome sequences of derived nonmutators from both laboratory and clinical studies bore considerably fewer mutations (13, 16, 23) .
The mutations observed in MRW44.1 mapped to the PAO1 chromosome with high density near the origin of replication. By comparison, mutations in the derived genomes of mutT-deficient E. coli (23) and mutL-deficient P. aeruginosa (16) hypermutators were evenly distributed throughout their respective genomes. Because UVR exposure occurred before the transfer to fresh media in our experiment, inducible hypermutation should have been actively resolving lesions only during the first round of genome replication. However, multiple rounds of replication can occur simultaneously during growth, effectively overrepresenting genes near the origin of replication (29) . Active polV competes for replication forks of undamaged DNA (30) and could displace polIII in the early stages of a subsequent replication. This additional mutagenesis of undamaged DNA preferentially near the origin of replication could explain the biased distribution of mutations observed in MRW44.1. Because MMR-deficient hypermutation is not constrained by the same replication-linked temporal mechanics, mutations would not be expected to exhibit higher density at the origin of replication and this is true of the mutations present in the genomes of general hypermutators reported elsewhere (16, 23). To compare the effects of the divergent mutS-deficient and rulAB-mediated mutation spectra on adaptation, we measured changes in fitness relative to each lineage's respective ancestor. All derived lineage populations exhibited similar gains in fitness under non-UVR conditions, signifying that each adapted comparably to the shared culture media, independent of mutation supply rate or mechanism. Inducible mutator lineages received regular UVR exposure during propagation and thus exhibited significantly higher fitness under UVR conditions similar to a previous evolution experiment with the plant-associated inducible mutator Pseudomonas cichorii 302959 (15) . The exceptional fitness gains exhibited by lineages 44 and 46 under UVR conditions likely reflect additional adaptive improvements not yet realized by the other lineages.
We sequenced the genome of an isolate from one lineage to inventory all mutations that arose during adaptation, and the improved fitness of MRW44.1 indicates that some of these mutations are beneficial. However, our analysis of synonymous, neutral substitutions suggests that the dominant process driving single base substitution during experimental evolution was random genetic drift. Therefore, most of the 168 nonsynonymous mutations are also likely neutral or nearly so. The signals of rare beneficial mutations are overwhelmed by the more abundant random mutations, preventing their identification for further analysis. A similar analysis with mutT-deficient E. coli (23) revealed the same random pattern, suggesting that both inducible and general hypermutation influence genome evolution primarily through a simple neutral accumulation derived from an elevated mutation rate.
Surprisingly, fitness improvements in general mutator lineages were also significantly higher under UVR conditions despite an absence of previous exposure to UVR. The genome of PAO1, and consequently PW7148, lacks a umuDC homolog (31) and so we added a rulAB-encoding plasmid to generate the UVR-inducible hypermutator PAO1/pJJK25 used in this study. Addition of rulAB to PAO1 also increases UVR tolerance (9) . In microorganisms, UVR tolerance is linked to direct and indirect mechanisms of DNA maintenance (32) . General mutator lineages may have acquired compensatory improvements to mitigate the mutagenic effects of mutS inactivation and ensure genome stability. Such mutations could carry added fitness benefits following UVR exposure by better equipping cells to handle additional DNA damage. Therefore, although both mutator types achieved comparable fitness gains under UVR conditions, inducible mutators likely did so through specialized adaptive changes, whereas general mutators relied on less specific improvements. This distinction reduces any specific bias imposed by the mutation spectra of either mutS-deficient or rulAB-mediated hypermutation, allowing both to reach a common phenotypic outcome through unique mutational routes.
Unlike mutator lineages, the adaptation of nonmutator lineages was specific to their native, non-UVR conditions, and no improvements in fitness under the alternate, UVR conditions were observed. This specificity could simply reflect the lower mutation supply rate of nonmutators that may have limited access to additional beneficial mutations in the timeframe of our experiment. However, the exclusive ability for mutator lineages to exhibit additional fitness improvements across varied conditions could highlight the capacity for hypermutation to explore genotypic space in pursuit of general adaptive improvements. Hypermutation also stimulated population diversity and increased fitness under varied conditions could reflect beneficial mutations present in specific subpopulations. Both explanations are consistent with the observed prevalence of hypermutators in chronic CF infection and their contribution to adaptive phenotypic shifts and clonal expansion that promote long-term survival (5-7). Our findings expand the current paradigm of the role hypermutation plays in the ecology and adaptation of bacterial populations to include additional mechanisms responsible for increasing mutation rates.
The results of our evolution experiment with the model organism P. aeruginosa PAO1 suggest that both general and inducible hypermutation analogously encourage adaptation and population diversification despite their divergent mutation spectra. Characteristic adaptive changes and clonal expansion observed in populations of P. aeruginosa during chronic CF infection have been attributed to MMR-deficient hypermutation. Our results suggest that inducible hypermutation could serve the same function, and indeed DNA polIV can promote mucoid conversion (33) , raising the question of why inducible hypermutation has received little attention in CF-infecting populations. The source of inoculum for respiratory infection likely includes numerous environmental pools of P. aeruginosa (34, 35) where plasmid-encoded umuDC homologs have been reported (36) . Furthermore, polV is common among enteric bacteria (37) and the CF lung environment includes potential DNA-damaging compounds that induce the SOS response (10) . On the basis of this reasoning and the data presented here, we suspect that inducible hypermutation likely plays a larger role in chronic respiratory infection than currently thought. Inducible and MMRdeficient hypermutation are not mutually exclusive mechanisms and may well function concurrently during infection, warranting further studies to build on this initial comparison.
Materials and Methods
The bacterial strains and plasmids used in this study and detailed methods for strain construction are described in SI Materials and Methods. Methods for our evolution experiments with general and inducible mutator lineages and with control lineages and relative fitness assays are found in SI Materials and Methods. Methods for DNA sequence analysis to identify Rif R mutations and for determination of a draft genome sequence of P. aeruginosa MRW44.1 are also in SI Materials and Methods.
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SI Materials and Methods
Bacterial Strains, Growth Conditions, and General Molecular Biology
Techniques. The bacterial strains and plasmids used in this study are described in Table S1 . Strains of Pseudomonas aeruginosa PAO1 were obtained from the two-allele transposon mutant library at the University of Washington (Seattle, WA) (1). The methyldirected mismatch repair (MMR)-deficient strain PW7148 (mutS-C10::ISlacZ/hah) is a general mutator with a spontaneous mutation frequency to rifampicin resistance (Rif R ) of 3.2 × 10 −6
. Wild-type PAO1 was transformed by electroporation with the rulAB-encoding construct pJJK25 (2) to generate a UVR-inducible mutator because the PAO1 genome lacks a umuDC homolog (3). Plasmid-encoded homologs in native isolates of P. aeruginosa have been reported (3, 4) and rulAB confers UVRinducible mutability to PAO1 when introduced on a plasmid (2). All evolved bacterial populations in this study were derived from these three ancestral genotypes following ∼500 generations of selection in the lineage experiment described below (Fig. 1) . Each lineage contained ∼10
10 total cells at stationary phase. These communities were analyzed in this study as population samples containing ∼10 8 cells thawed from preserved freezer stocks to maintain the assemblage of diverse genotypes. Sympatric individuals were taken as multiple single-colony isolates from a given lineage spread on agar plates.
Strains of P. aeruginosa were cultured at 37°in Luria-Burtani (LB) broth (Difco), in Davis minimal broth (Difco) supplemented with 25 mg l −1 glucose (DM25), or on King's medium B (KB) agar (5). Antibiotics were used where appropriate at the following concentrations: carbenicillin 50 μg ml −1 and rifampicin 250 μg ml Experimental Evolution. Eighteen parallel lineages of P. aeruginosa were serially propagated for ∼500 generations in a manner similar to another study conducted previously (8) . Cultures were maintained in 10 mL DM25 in 50-mL Erlenmeyer flasks incubated at 37°and 150 rpm in the dark. These culture conditions resulted in a stationary phase density of ∼9 × 10 8 colonyforming units per milliliter. Every 24 h, inducible mutator lineages of PAO1/pJJK25 (numbered 41-46) were individually mixed 1:1 with saline (0.85% NaCl) in a glass Petri dish and exposed to ∼75 J m −2 of UVC (254 nm) radiation from an XX-15 UV lamp (UVP Products) placed horizontally at a fixed height above the cell suspension. The lamp was turned on 15 min before use to allow for stabilization of the UV output. The energy output of the lamp was monitored with a UV-X radiometer fitted with a UV-25 sensor (UVP Products) and determined to be 1.5 J m −2 s −1 . The UVR dosage delivered to lineages of PAO1/pJJK25 was optimized to closely match the rate of Rif R mutants generated by PW7148. Following UVR irradiation, cultures were diluted 1:100 into fresh media and incubated under dark conditions to minimize photoreactivation. General mutator lineages of PW7148 (numbered 47-52) and nonmutator lineages of PAO1 (numbered 53-58) were diluted 1:10 in saline and then 1:100 into fresh DM25 broth without UVR exposure. Both UVR and non-UVR transfer strategies resulted in 1,000-fold daily growth of each population, representing ∼10 generations of binary fission. Population samples from each lineage were preserved in a nonevolving state in 10% (vol/vol) glycerol at −80°at regular intervals for later analysis.
Lineages were spread on KB agar every 10 generations and on KB + Rif agar every 50 generations to monitor population structure and possible contamination.
Following experimental evolution, strain identity was confirmed by PCR amplification and fragment sequencing of multiple sympatric individuals from each lineage. Primers were designed on the basis of the published P. aeruginosa PAO1 genome sequence (9) for amplification of genes PA3620 (mutS, DNA mismatch repair) and PA3617 (recA, SOS recombinase). Universal Pseudomonas primers based on a consensus of P. aeruginosa, Pseudomonas cichorii, Pseudomonas fluorescens, Pseudomonas putida, and Pseudomonas syringae gene sequences were used for amplification of the 16S rDNA (small ribosomal RNA subunit) gene. Primer sequences are listed in Table S1 . PCR amplifications were performed in a 20-μL reaction volume containing 1× PCR buffer, 2 mM MgCl 2 , 125 μM of each deoxynucleoside triphosphate (Invitrogen), 0.4 μM of each primer, 1.0 units Taq polymerase (Invitrogen), and 40 ng genomic DNA. PCR products were purified using the QIAquick PCR Purification kit (Qiagen), and the purified fragments were sequenced at the Research Technology Support Facility at Michigan State University, East Lansing, MI.
DNA Sequence Analysis of Rif R Mutants. The frequency and location of spontaneous Rif R mutations was determined from independent rifampicin sensitive (Rif S ) cultures of PAO1/ pJJK25 and PW7148. Individual Rif S colonies of PAO1/ pJJK25 were grown overnight in LB broth and 2 mL of culture were pelleted, washed with 1 mL saline, and resuspended in 1 mL saline on ice. The cell suspensions were mixed with 9 mL saline in a glass Petri dish and exposed to UVC radiation as described above to activate mutagenic DNA repair. Following irradiation, 1 mL of the cell suspension was mixed with 2× LB broth and incubated overnight under dark conditions. Individual Rif S colonies of PW7148 were simply grown overnight in LB broth to generate mutants. In both cases, resulting cultures were then spread on KB + Rif agar and incubated for 48 h. A single Rif R colony from each culture was suspended in 50 μL H 2 O and the cells were lysed by boiling for 10 min. To identify responsible Rif R mutations, the region of rpoB (β-subunit of RNA polymerase) corresponding to Rif clusters I, II, and III (10) was amplified by PCR using primers PAO1rpoB1 and PAO1rpoB3 listed in Table S1 . PCR products were purified using the QIAquick PCR Purification kit (Qiagen) and then sequenced at the Research Technology Support Facility at Michigan State University. Sequences were compared using Lasergene SeqMan Pro (DNASTAR) for mutation identification. Mutation spectra were compared using Fisher's Exact Test with a Monte Carlo simulation featuring 2,000 iterations.
Relative Fitness Assays. The relative fitness of population samples from each evolved lineage was determined by direct competition with the respective ancestor under both UVR and non-UVR conditions as described previously (8) . Briefly, competitions were performed under the same UVR and non-UVR conditions described above. To ensure that competitors were comparably acclimated to the competition environment, strains were simultaneously removed from glycerol stocks maintained at −80°, individually grown in LB broth overnight, and then individually grown for 24 h in the competition environment. Competitors were mixed at a 1:1 volumetric ratio, and appropriate dilutions were spread on KB agar in triplicate at 0 and 24 h to estimate the initial and final density of each. Strain differentiation was accomplished by plasmid-encoded catechol 2,3-dioxygenase (xylE) on pMRW2, which causes expressing colonies to turn yellow when sprayed with 0.1 M catechol on agar media (8) .
The relative fitness (W) of the two competitors was calculated as the ratio of their realized growth rate as described previously (8) . When the two competitors are equally fit in the competition environment, W = 1. The six replicates of each relative fitness measurement were analyzed by two-tail, independent t tests against the hypothesis of mean equal fitness (W = 1). Fitness measurements were compared using two-tailed paired t tests to determine any significant differences between growth conditions. Draft Genome Sequence. Genomic DNA was extracted from MRW44.1, an isolate of inducible mutator lineage 44, using the DNeasy Blood and Tissue kit (Qiagen) and RNA was degraded with 400 μg RNase A in 10 mM Tris-HCl (pH = 8.0). A prepared shotgun library was sequenced using the GS-FLX Titanium platform (454 Life Sciences). The resulting reads were both mapped directly to the PAO1 reference genome (AE004091) with GS Reference Mapper software (454 Life Sciences) and assembled with GS De Novo Assembler v2.5.3 (454 Life Sciences) at the Research Technology Support Facility at Michigan State University. The physical distribution of identified variations across the PAO1 chromosome was visualized with the CGView Server (11). Values are significant by two-tailed independent t test where indicated (*P < 0.05, **P < 0.01, ***P < 0.001). P paired values correspond to two-tailed paired t tests between relative fitness values under the two conditions. conditions. Values are means of six independent replicates and error bars represent SEM. Values are significant by two-tailed independent t test where indicated (*P < 0.05, **P < 0.01, ***P < 0.001). Table S1 . Frequency of mutations observed in rpoB from Rif 
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